Nitric oxide (NO) has been implicated in a number of diverse physiologic processes, including regulation of vascular tone. Carbon monoxide (CO) is another endogenously generated diatomic gas that may play an important physiologic role in vascular smooth muscle homeostasis. The purpose of this study was to compare the responses to exogenous NO and CO in isolated vessels (pulmonary arteries, pulmonary veins, and mesenteric arteries) from 12-to 24-h-old and 2-wk-old piglets. Vessels precontracted with the thromboxane A 2 mimetic U46619 (10 Ϫ7 M) relaxed in response to CO (2 ϫ 10 Ϫ6 to 2 ϫ 10 Ϫ4 M) and NO (2 ϫ 10 Ϫ9 to 2 ϫ 10 Ϫ7 M); these effects were not affected by endothelium removal but were completely abolished by the soluble guanylate cyclase inhibitor ODQ (10 Ϫ5 M). In pulmonary arteries, the maximal relaxation to NO increased with postnatal age from 33 Ϯ 4% of the precontraction value to 56 Ϯ 5%, in 12-to 24-h-old and 2-week-old piglets, respectively (p Ͻ 0.01), but the response to CO decreased from 25 Ϯ 3% to 12 Ϯ 1%, respectively (p Ͻ 0.01). The maximal response to CO was greater in pulmonary veins than in pulmonary or mesenteric arteries for both age groups (p Ͻ 0.01). Vasorelaxation induced by endogenous NO (stimulated by acetylcholine) was also greater in pulmonary veins when compared with pulmonary arteries and increased with postnatal age in both vessels. In contrast, no age-related differences were observed in the vasorelaxation induced by the cGMP analog 8-bromo cGMP in pulmonary arteries. When the response to NO was analyzed under three different extracellular O 2 concentrations (PO 2 4.51 Ϯ 0.03, 19.32 Ϯ 0.17, and 86 Ϯ 0.62, kPa), no significant differences were found. However, in the presence of superoxide dismutase (100 U/mL). the response to CO remained unchanged, and the response to NO improved in pulmonary arteries from 2-week-old but not from newborn piglets. In conclusion, both NO and CO relaxed neonatal vessels through soluble guanylate cyclase activation. However, when compared with NO, CO exhibited a poor vasorelaxant activity. Pulmonary vasorelaxation induced by NO increased with postnatal age, whereas that induced by CO decreased. Changes in extracellular oxygen concentration did not alter the pulmonary vascular response to NO. However, the presence of superoxide dismutase improved the response to NO, indicating that oxidant activity limits the vasorelaxant response to NO but not to CO. (Pediatr Res 48: 546-553, 2000) Abbreviations NO, nitric oxide CO, carbon monoxide sGC, soluble guanylate cyclase HO, heme oxygenase SOD, superoxide dismutase U46619, 9,11-dideoxy-11␣,9␣-epoxymethano-prostaglandin
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CO is produced endogenously by two sources, i.e. enzymatic peroxidation of microsomal lipids and heme destruction catalyzed by HO (2, 3) . HOs are rate-limiting enzymes that catalyze the conversion of heme into CO, iron, and biliverdin (3). Two distinct forms of HO have been characterized, including an inducible HO-1 and a constitutively expressed HO-2 (3). HO-2 has been localized in several tissues, including endothelial cells and adventitial nerves of blood vessels (6) . In contrast, HO-1 is scarcely expressed under basal conditions, but it is induced widespread after several types of stressful stimuli, including hypoxia, endotoxins, and ischemia-reperfusion (7, 8) . Furthermore, a protective role of HO-1 in several inflammatory conditions has been suggested (3, 9) .
The ability of CO to induce vasorelaxation has long been known (10) . CO-induced vasodilation has been described in many vascular beds from several species (11) (12) (13) . However, it is not a universal finding (12) , and the sensitivity of the different vessels to CO is variable (11) (12) (13) . A vasoregulatory role for endogenous CO produced by constitutive HO-2 has been postulated in the maintenance of sinusoidal tone in the perfused rat liver (14) and the vascular tone of porcine distal pulmonary arteries (6) . Additionally, endogenously released CO as a consequence of HO-1 induction participated in the regulation of vascular contractility in rat aorta (15) and fetal lamb ductus arteriosus (16) . An interaction between CO and NO may also significantly contribute to the fine-regulation of vascular tone (3, 17) .
At birth, important structural and functional changes are produced in the pulmonary circulation to replace the placenta for gas exchange (18) . This transformation is not limited to the first moments of extrauterine life, but it extends during the subsequent weeks or even months (18, 19) . The mechanisms regulating birth-related changes in pulmonary circulation are incompletely understood, and numerous vasoactive factors are involved (1, 20) . As mentioned above, a possible role for CO has been considered in the control of ductus arteriosus tone (16) but not in pulmonary or other vessels during the perinatal period. However, in the newborn period, the substrate for CO production, heme, is readily available, and increased HO activity, and consequently, an increased CO production, has been described in newborns compared with adults (21) . In fact, the pulmonary excretion rate of CO and end-tidal breath CO have been proposed as methods to estimate bilirubin production (21) . The possible physiologic role of this increased production of CO remains unknown.
Unfortunately, to the best of our knowledge, neither exogenous CO-induced vasodilation nor the role of endogenous CO in vascular tone has been studied in vessels from newborn animals. We hypothesized that if CO plays a role in the control of neonatal vascular tone, exogenous CO should present the ability to relax neonatal vessels. In the present study, we have, therefore, examined the ability and the mechanisms of CO to induce vasorelaxation in pulmonary arteries, pulmonary veins, and mesenteric arteries from 12-to 24-h-old and 2-week-old piglets. In addition, we compared CO-to NO-induced vasorelaxation and studied the response under different oxygen concentrations. The effects of superoxide anions produced within the tissue in modulating the response to CO and NO were also evaluated.
METHODS
Tissue preparation. Male neonatal piglets aged 12-24 h (n ϭ 9) and 2 wk (n ϭ 20), obtained from a local farm, were killed by exsanguination after being anesthetized with sodium pentobarbitone (100 mg/kg). These procedures were approved by the Complutense University Animal Care and Use Committee. The lungs and mesenteric beds were rapidly immersed in cold (4°C) Krebs solution (composition in mM: NaCl 118, KCl 4.75, NaHCO 3 25, MgSO 4 1.2, CaCl 2 2.0, KH 2 PO 4 1.2, and glucose 11). Pulmonary arteries and veins (third branch, internal diameter, 0.5-2 mm) and mesenteric arteries (internal diameter, 1-2 mm) were carefully dissected free of surrounding tissue and cut into rings of 2-3 mm of length under a dissection microscope (22) (23) (24) . Except as otherwise stated, the endothelium of the vessels was removed by gently rubbing the intimal surface of the rings with a metal rod, and the lack of functional endothelium was further confirmed by the failure of acetylcholine to relax vessels previously contracted by noradrenaline (10 Ϫ5 M). Two L-shaped stainless-steel wires were inserted into the arterial lumen, and the rings were introduced into Allhin organ chambers filled with Krebs solution at 37°C, gassed with 95% O 2 /5% CO 2 . One wire was attached to the chamber and the other to an isometric force-displacement transducer coupled to a signal amplifier (model PRE 206 -4, Cibertec, Madrid) and connected to a Hewlett Packard computer via an analog to digital interface. Contractile tension was recorded by an REGXPC computer program (Cibertec, Madrid), as previously described (22) (23) (24) . The rings were initially stretched to a resting tension of 0.3 g (pulmonary arteries of 12-to 24-h-old animals), 0.5 g (pulmonary arteries of 2-wk-old animals, pulmonary veins of both groups), 1 g (mesenteric arteries of 12-to 24-h-old animals), or 2 g (mesenteric arteries of 2-wk-old animals) and allowed to equilibrate for 60 -90 min. During this period, tissues were restretched and washed every 30 min with warm Krebs solution.
Experimental protocols. After equilibration, the rings were precontracted with the thromboxane A 2 mimetic U46619 (10 Ϫ7 M). In previous experiments, we demonstrated that this concentration produces approximately 80% of the maximal U46619-induced contraction in piglet pulmonary vessels (22, 23) . When the contractile response reached a stable tension, concentration-response curves to CO and NO were conducted by addition of increasing volumes of Krebs solution saturated with CO or NO. To prepare these solutions, two vials containing 20 mL of Krebs solution were initially bubbled with N 2 for 10 min and then continuously bubbled with NO (450 ppm) or CO (purity Ͼ 99%). Continuous bubbling of the 20-mL Krebs solution vial was started at least 5 min before the addition of the first dose of CO or NO and maintained during the rest of the experiment. The concentrations of NO and CO in the saturated solution were estimated from the solubility of CO and NO in water at 25°C and 1 atm of pressure (9.687 ϫ 10 Ϫ4 M and 1.931 ϫ 10 Ϫ3 M, respectively). Actual NO concentrations of Krebs solution saturated with 450 ppm of NO were measured 547 VASCULAR RESPONSE TO CARBON MONOXIDE using a selective NO electrode (ISO-NO), which was calibrated using the titration method (i.e. NO 2 Na in the presence of H 2 SO 4 and KI) according to the manufacturer (WPI Inc., Sarasota, FL, U.S.A.). The measured values in four independent determinations (8.9 Ϯ 0.5 ϫ 10 Ϫ7 M) were in good agreement with those calculated from the solubility of NO (8.6 ϫ 10 Ϫ7 M) considering the dilution factor (450 ppm). The use of NO at 450 ppm instead of pure NO has the advantage that there is no need to further dilute the saturated solution and that the half-life of NO in solution is higher at lower concentrations (25) . We assumed that the loss of added CO or NO from the Krebs solution at the time of measuring relaxation was negligible. Because this assumption was not strictly correct, actual concentrations of CO or NO in the organ chamber might be somewhat lower than estimated (11) .
To evaluate the role of endothelium in the vascular response to CO and NO, some experiments were performed in endothelium-intact pulmonary arteries. Additionally, the role of sGC stimulation in CO-and NO-induced vasorelaxation was analyzed using the specific inhibitor of this enzyme, ODQ (10 Ϫ5 M; (26) . Finally, to evaluate whether superoxide anions produced within the tissue modulate the response to CO and NO, some experiments were performed in the presence of the superoxide scavenger SOD (100 U/mL). Both ODQ and SOD were added after U46619-induced contractions reached steadystate and 15 min before the concentration-response curve to CO or NO.
In another group of experiments, the vascular effects of NO in pulmonary arteries were tested under different O 2 conditions. For that purpose, the organ chambers were bubbled with 21% O 2 /5% CO 2 /74% N 2 , 95% N 2 /5% CO 2 , or 95% O 2 /5% CO 2 . The PO 2 values were measured by a blood gas analyzer (BGA electrolyte, Instrumentation Laboratory Inc., Lexington, MA, U.S.A.). Bubbling with the new gas mixture was started 15 min before the addition of U46619 and maintained for the rest of the experiment.
Additionally, concentration-response curves to acetylcholine (10 Ϫ8 to 10 Ϫ5 M) were performed in endothelium-intact vessels in the absence or in the presence of the NO synthase inhibitor L-NAME (10 Ϫ4 M). In these experiments, the vessels were exposed to L-NAME for 20 min before the concentrationresponse curves were started. Finally, concentration-response curves to the cell membrane-permeable analog of cGMP, 8-bromo cGMP (10 Ϫ5 to 5 ϫ 10 Ϫ4 M), were also performed. Drugs. The following drugs were used: acetylcholine, L-NAME, U46619, SOD (from bovine erythrocytes), 8-bromocGMP (Sigma Chemical Co., Alcobendas, Spain), ODQ (Tocris Cookson Ltd, Bristol, U.K.), NO (450 ppm, Air liquid, Madrid, Spain), and CO (premier grade Ͼ 99% purity, Carburos Metálicos, Barcelona, Spain). All the solid drugs were dissolved initially in distilled deionized water (except ODQ, which was dissolved in DMSO) to prepare a 10 Ϫ2 , 10
Ϫ3
, or 10 Ϫ4 M stock solution, and further dilutions were made in Krebs. Preparation of CO-and NO-saturated solutions has been explained above.
Statistical analysis. Results are expressed as means Ϯ SEM of measurements in n arteries. In each protocol, the vessels were obtained from at least four different animals, and a maximum of two vessels per animal was studied. The contractile responses were expressed as absolute values (milligrams), and the relaxant responses as a percentage of the precontractile tone. Statistically significant differences were calculated by means of a one-way ANOVA followed by a Newman-Keuls test. The level of p Ͻ 0.05 was considered statistically significant.
RESULTS

U46619 (10
Ϫ7 M) induced sustained contractile responses in all vessels studied ( Table 1 ). The responses were significantly greater in pulmonary veins and mesenteric arteries than in pulmonary arteries and in vessels from 2-wk-old than from 12-to 24-h-old animals.
Both CO (2 ϫ 10 Ϫ6 to 2 ϫ 10 Ϫ4 M) and NO (2 ϫ 10 Ϫ9 to 2 ϫ 10 Ϫ7 M) caused concentration-dependent relaxation of U46619-prestimulated pulmonary arteries, pulmonary veins, and mesenteric arteries from 12-to 24-h-old and 2-wk-old piglets ( Figs. 1 and 2) . Addition of similar volumes of Krebs solution saturated with N 2 in place of NO or CO had no measurable effect on vessel tone. The vasorelaxant potency of NO was markedly greater than that of CO in all the vessels and in both age groups tested. In fact, the detectable threshold concentrations for the vasorelaxant effects of CO and NO were approximately 2 ϫ 10 Ϫ5 M and 5 ϫ 10 Ϫ9 M, respectively. In addition, Figures 1 and 2 show that the relaxing effects of both CO and NO were completely inhibited by ODQ (10 Ϫ5 M), a specific inhibitor of sGC. Pulmonary veins from either 12-to 24-h-old or 2-wk-old animals were the most-sensitive vessels (p Ͻ 0.05) to the relaxant effect of CO (relaxation at the maximum CO concentration tested was 37.4 Ϯ 2.4% and 33.5 Ϯ 4.1%, respectively) compared with pulmonary (24.5 Ϯ 3.1% and 12 Ϯ 1.1%, respectively) or mesenteric arteries (7.9 Ϯ 1.1% and 10.1 Ϯ 2.4%, respectively). In the 12-to 24-h-old piglets, NO-induced relaxation was significantly (p Ͻ 0.05) smaller in pulmonary arteries (relaxation at the maximum NO concentration tested was 33.2 Ϯ 3.9%) than in pulmonary veins (71.8 Ϯ 3.6%) or mesenteric arteries (73.1 Ϯ 3.0%), whereas in the 2-wk-old piglets, NO-induced relaxation was very similar in pulmonary arteries and veins (Fig. 2) . Therefore, CO-induced vasorelaxation clearly decreased with postnatal age in pulmonary arteries (Fig. 1A) , whereas no change was observed in pulmonary veins or mesenteric arteries (Fig. 1,  B and C) . In contrast, NO-induced relaxation augmented with postnatal age in pulmonary arteries ( Fig. 2A) , but was only weakly modified in pulmonary veins (Fig. 2B) . Because both CO-and NO-induced relaxation were mediated by an activa- tion of sGC (as indicated by the inhibitory effects of ODQ), we analyzed the relaxant effect of the cGMP analog 8-bromocGMP. However, no significant differences were observed in the relaxant effects of 8-bromo-cGMP in endothelium-denuded pulmonary arteries from 12-to 24-h-old and 2-wk-old piglets (Fig. 3) . The role of endothelium in the vasodilator effects of CO and NO in pulmonary arteries from 2-wk-old piglets is shown in Figure 4 . In endothelium-intact pulmonary artery rings, both CO and NO induced a relaxation that was similar to that induced in endothelium-free rings.
The endothelium-dependent relaxation induced by acetylcholine (10 Ϫ8 to 10 Ϫ5 M) increased with postnatal age (p Ͻ 0.05) and was significantly greater in endothelium-intact pulmonary veins than in pulmonary arteries for both age groups (Fig. 5) . The addition of the NO synthase inhibitor L-NAME (10 Ϫ4 M) increased U46619-induced contractions by 18 Ϯ 2% (pulmonary arteries of 12-to 24-h-old piglets), 32 Ϯ 4% (pulmonary arteries of 2-wk-old piglets, p Ͻ 0.05 versus 12-to 24-h-old piglets), 3.4 Ϯ 0.7% (pulmonary veins of 12-to 24-h-old piglets) and 7 Ϯ 1% (pulmonary veins of 2-wk-old piglets, p Ͻ 0.05 versus 12-to 24-h-old piglets). The increase of the U46619-induced contraction produced by L-NAME reached a stable value after 20 min of exposure. Acetylcholineinduced relaxation was strongly inhibited by L-NAME in both pulmonary arteries and veins (Fig. 5) , which indicates that the . Each point represents the mean Ϯ SEM of n arteries. Pulmonary arteries: n ϭ 10 (control, both groups of age), n ϭ 6 (ϩODQ, both groups of age). Pulmonary veins: n ϭ 10 (control, both groups of age), n ϭ 6 (ϩODQ, both groups of age). Mesenteric arteries: n ϭ 8 (control, both groups of age), n ϭ 6 (ϩODQ, both groups of age). *p Ͻ 0.05 12-to 24-h-old vs 2-wk-old. † p Ͻ 0.05 pulmonary artery vs pulmonary vein. . Each point represents the mean Ϯ SEM of n arteries. Pulmonary arteries: n ϭ 15 (control, 12-to 24-h-old), n ϭ 13 (control, 2-wk-old), n ϭ 6 (ϩODQ, both groups of age). Pulmonary veins: n ϭ 10 (control, both groups of age), n ϭ 6 (ϩODQ, both groups of age). *p Ͻ 0.05 12-to 24-h-old vs 2-wk-old. †p Ͻ 0.05 pulmonary artery vs pulmonary vein. In endothelium-intact pulmonary arteries from 2-wk-old piglets, changing the bubbling gas mixture from 95% O 2 (PO 2 , 86 Ϯ 0.62 kPa) to 0% O 2 (PO 2 , 4.51 Ϯ 0.03 kPa) or 21% O 2 (PO 2 , 19.32 Ϯ 0.17 kPa) had no significant effect on basal tone. Furthermore, these different PO 2 values in the organ chamber did not affect NO-induced vasorelaxation (Fig. 6) .
Addition of the superoxide scavenger SOD (100 U/mL) had no significant effect on U46619-induced contractions in endothelium-denuded pulmonary arteries. Furthermore, the vasorelaxant response to CO in SOD-treated arteries from 2-wk-old piglets was similar to that in untreated controls (not shown). However, the response to NO was significantly increased in pulmonary arteries from 2-wk-old (Fig. 7B) but not 12-to 24-h-old piglets (Fig. 7A) . . Each point represents the mean Ϯ SEM of n arteries. Pulmonary arteries: n ϭ 11 (control, 12-to 24-h-old), n ϭ 10 (control, 2-wk-old), n ϭ 6 (ϩL-NAME, both groups of age). Pulmonary veins: n ϭ 10 (control, 12-to 24-h-old), n ϭ 11 (control, 2-wk-old), n ϭ 6 (ϩL-NAME, both groups of age). *p Ͻ 0.05 newborn vs 2-wk. †p Ͻ 0.05 pulmonary artery vs pulmonary vein.
VILLAMOR ET AL.
DISCUSSION
The present study demonstrated that CO relaxed vessels of 12-to 24-h-old and 2-wk-old piglets. Moreover, CO-induced vasorelaxation was more marked in pulmonary arteries in the first day of extrauterine life than that of 2-wk-old piglets and in pulmonary veins than in pulmonary or mesenteric arteries. Moreover, the vasorelaxant effect of CO was endotheliumindependent but abolished by specific inhibition of sGC. However, when compared with NO, CO was a weak vasorelaxant, the relative potency of CO to NO being approximately 1:1000. In contrast to CO, NO-and acetylcholine-induced vasorelaxation increased with postnatal age in piglet pulmonary arteries. Changes in extracellular oxygen concentration did not affect NO-induced vasorelaxation. Finally, in 2-wk-old pulmonary arteries, SOD improved the response to NO but not to CO, whereas in 12-to 24-h-old pulmonary arteries, SOD was without effect on NO-induced vasorelaxation.
Several mechanisms have been proposed to explain the vasorelaxation induced by CO and NO (17) including not only activation of sGC (11) but also stimulation of K ϩ channels (17, 27) or inhibition of the cytochrome P450 monooxygenase (28, 29) . Hussain et al. (30) have shown that ODQ completely abolished relaxation of rabbit aortic rings induced by CO, whereas only a partial attenuation of NO-induced relaxation was achieved. In contrast, we found that ODQ completely abolished CO-and NO-induced relaxation, indicating that sGC was responsible for the effects of both vasorelaxants in piglet neonatal vessels. Similar findings have been reported for NOinduced vasorelaxation in pulmonary arteries of newborn lambs (31) . Moreover, we have previously demonstrated that the NO donor sodium nitroprusside increased cGMP levels and relaxed pulmonary arteries from 2-wk-old piglets but neither K ϩ channels nor the membrane Na ϩ /K ϩ ATPase were involved in these effects (24) . However, in the isolated lamb ductus arteriosus, CO-induced vasorelaxation was not accompanied by a significant accumulation of cGMP (29) .
CO produced a weak vasorelaxant effect, particularly when compared with NO. Similar results have been previously reported in several vascular beds (11) . Inhaled CO in concentrations up to 1000 ppm in adult rats and fetal lambs had no effect (32, 33) , whereas markedly lower concentrations of inhaled NO (Ͻ 5 ppm) are required to produce significant pulmonary vasorelaxation (33, 34) . Differences in the activation of sGC have been proposed to explain the distinct vasorelaxant potency of CO and NO (35), i.e. enzymatic activity of sGC is increased approximately 100-to 200-fold by NO, but only by 4-to 5-fold by CO (35) . The activation of sGC by NO appears to be a complex process. First, NO binds to the heme group of the enzyme forming a hexacoordinate complex, which then converts to a pentacoordinate nitrosyl-heme (35) (36) (37) . CO also forms a complex with the heme moiety of sGC, but unlike NO, only the six-coordinate complex is formed, which results in a weak activation of the enzyme (35) (36) (37) . On the other hand, nanomolar concentrations of NO competitively prevent the binding of CO to the heme group of the sGC, thus reducing its vascular effect (37) . The vasoconstrictor effect of L-NAME in our preparations indicates that NO is released from the endothelium under basal conditions. However, the presence of endothelium did not modify the relaxant effects of CO, indicating that basal release of NO from the endothelium does not modulate the relaxant effect of CO in piglet pulmonary arteries.
Although blood vessels produce CO (38) , whether this CO reaches a sufficient concentration to relax vascular smooth muscle remains unclear. The nonselective HO-2 inhibitor tin protoporphyrin IX has been shown to inhibit the endotheliumdependent relaxation induced by acetylcholine after inhibition of NO synthesis, suggesting an involvement of endotheliumderived CO (6) . We found that the endothelium-dependent relaxation produced by acetylcholine was strongly reduced by the NO synthase inhibitor L-NAME, indicating that it is mainly mediated by the release of NO. This result, together with the low vasodilator potency of CO, suggests that a possible role for CO as an endothelium-dependent vasodilator in neonatal pulmonary vessels would be small if any. However, this is an in vitro study, and, thus, extrapolation of the present results to in vivo vascular responses to CO and NO should be done with caution. Moreover, it is unclear whether endogenously generated CO has a vascular effect similar to that of exogenously applied CO. In fact, the physiologic concentrations of CO and NO in the immediate vicinity of vascular smooth muscle cells 
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in vivo are unknown (17) . Nevertheless, studies in brain tissues (39) indicate that the concentrations of CO produced in vivo (1-200 M) are lower than those producing vascular relaxation in the present experiments. In contrast, these concentrations of CO produced significant relaxation in other vascular rings (11, 17) .
Superoxide anions produced in several metabolic reactions inactivate NO, forming peroxynitrite (25) . In fact, the superoxide scavenger SOD significantly increased the in vitro relaxant activity of NO (40) . Moreover, the combination of high doses of inhaled NO (100 ppm) and 90% O 2 caused oxidative damage in mechanically ventilated newborn piglets, which was mitigated by the use of recombinant human SOD (41) . Therefore, the use of SOD might be suggested as a way of reducing the toxicity and augmenting the response to inhaled NO, which may lead to novel clinical strategies to improve the treatment of neonatal pulmonary hypertension. Even when CO shares with NO some properties (i.e. activation of sGC and reaction with Hb), CO is not a free radical and is not expected to react with superoxide. Accordingly, the antioxidant enzyme SOD had no effect on CO-induced vasorelaxation but improved NO-induced vasorelaxation (but only in the 2-wk-old animals).
Fetal pulmonary arteries are exposed to a relatively hypoxic environment, and then at birth they are exposed to 21% O 2 . It is well known that acetylcholine-induced endogenous production of NO is markedly influenced by the oxygen tension in the organ chamber (42, 43) . Theoretically, extreme hyperoxia can destroy NO by an increased formation of superoxide anions. Additionally, an increased oxidative stress can produce oxidation of the heme group of sGC, resulting in loss of enzyme activity (25, 37) . However, no differences in exogenous NOinduced vasorelaxation were observed when the organ chambers were bubbled with 0%, 21%, or 95% O 2 . This suggests that high O 2 concentrations did not produce the effects mentioned above (i.e. increase in superoxide anions or oxidation of the heme group of sGC) to an extent sufficient to reduce NO-induced vasorelaxation in our experiments.
Pulmonary veins are the major site of action of a number of vasoactive factors in different animal species and at different ages (44, 45) . In newborn piglets, we observed that the response not only to exogenous or endogenous NO but also to exogenous CO was greater in pulmonary veins than in pulmonary arteries. This difference was maintained in the 2-wk-old piglets for the response to CO but not for NO. It has been demonstrated that basal concentrations, as well as the increase of cGMP in response to NO, were greater in pulmonary veins than in pulmonary arteries of newborn lambs (45) . This could be accounted for, at least partly, by a higher activity of cGMP-specific phosphodiesterases, which produced faster hydrolysis and inactivation of cGMP in pulmonary arteries when compared with pulmonary veins (46) .
In the present work, CO-induced relaxation decreased in pulmonary arteries with postnatal age, whereas the cell membrane-permeable analog of cGMP 8-bromo-cGMP produced a similar degree of relaxation in pulmonary arteries from both groups of age. Because 8-bromo-cGMP is very resistant to being hydrolyzed by phosphodiesterases, the age-dependent changes in the effects of CO might be also attributed to an increase in phosphodiesterase activity during the first days of extrauterine life as described in ovine and mouse lung (47) . In contrast, the vasorelaxant response to endogenous NO increased with age in piglet (48) and present results), sheep (49) , and rabbit pulmonary arteries (43) . We also found an agedependent increase in the vasodilator response to exogenous NO in piglet pulmonary arteries, suggesting that the agedependent increase to endogenous NO is not only related to increased synthesis but also to an increased action or decreased metabolism of NO. Morecroft and MacLean (43) found that SOD potentiated acetylcholine-induced relaxation in pulmonary arteries from newborn but not from adult rabbits and suggested that the age-dependent increase in the response to endogenous NO was because of an increased accumulation of superoxide in the newborn animals. In contrast, and unexpectedly, SOD did not affect NO-induced relaxation in pulmonary arteries from 12-to 24-h-old piglets but potentiated the relaxant response to NO in mesenteric arteries from these animals (not shown) and in pulmonary arteries from 2-wk-old piglets. Even when the reasons for the lack of effect of SOD in 12-to 24-h-old pulmonary arteries are unclear, several theoretical explanations can be raised: 1) reduced ability of exogenous SOD to penetrate cell membranes, 2) reduced endogenous superoxide production or increased endogenous antioxidant activity, and 3) differential effects of the peroxynitrites. Further studies involving the use of low-molecular-weight membranepermeant compounds that exhibit SOD-like activity (50) and SOD inhibitors are necessary to elucidate this point. Additionally, the use of SOD from a nonporcine source could have limited its effect in our experiments. However, bovine and porcine SOD have a high degree of homology in their sequences and similar kinetic variables (51) as to reasonably assume identical in vitro activity.
In conclusion, CO produced vasorelaxation in neonatal vessels by activation of sGC, but its vasorelaxant potency is markedly reduced compared with NO. Both CO-and NOinduced relaxation was greater in pulmonary veins than in pulmonary arteries. However, whereas NO-induced relaxation in pulmonary arteries was augmented with postnatal age, that induced by CO decreased. Changes in extracellular O 2 concentration did not alter the pulmonary vascular response to NO. In contrast, the presence of SOD improved the response to NO in 2-wk-old piglets, indicating that oxidant activity limits the vasorelaxant response to NO but not to CO. The functional significance of endogenous CO has not been established to date, but it might play, together with NO, a modulatory role in the regulation of vascular contractile responses. However, if the response to exogenous CO reflects the capacity of this gas to relax in vivo neonatal pulmonary vessels, its direct participation in the control of pulmonary vascular tone seems unlikely.
